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Hydrogen is mentioned with increasing fre­
quency in energy market forecasts for its potential 
in various fields D. 2I, 3), 4) 
Since one of the most important elements in the 
development of a fuel is ease of transport, it is im­
portant to have some information on this subject. 
The technical fesibility of hydrogen pipelines 
has already been demonstrated; we can mention, 
amongst others, the several hundreds of kilometers 
of ducts which link petrochemical centres and che­
mical industries in Western Germany 5>. 
This study makes a preliminary attempt, within 
the limits set by assumptions, to make technico — 
economical comparisons between hydrogen and an 
already existing conventional energy source, such as 
the widely employed natural gas. For the purposes 
of this comparison we have taken into consideration 
only transport over long distances with or without 
intermediate compressor stations. 
The transport cost for oxygen has also been cal­
culated, due to the fact that a chemical plant for 
hydrogen production by water decomposition gives 
oxygen as a byproduct; this gas may have interesting 
applications. 
2. GENERAL DATA AND BASIC HYPOTHESES 
2.1 Characteristics of Gas 2.3 Utilization Factor 
We are considering the transport of 100% pure 
hydrogen and oxygen, and natural gas composed of 
100% methane. The principal characteristics are as 
follows: 
For these preliminary calculations we will 
consider the case of regular operation, without peak 
period, equal to 8000 hours/per year, with a re­
sulting utilization factor of approximately 91%. 
— Chemical formula 
— Specific gravity at 0°C 
and 700 mm Hg 
— Molecular weight 
- R = ^ 8 m / ° 
M 
-Cp(Cal/°Kg) 
-C v (Cal /°Kg) 
- κ - Cp/Cv 
ψ κ 
— P j = Heat of combustion (net) 
KCal/m3(0°C, 760mm Hg) 
— Zm, average compressibility 





































.975 (40 Kg/cm2) 
.96 (65 Kg/cm2 ) 
.95 (90 Kg/cm2 ) 
2.2 Average Temperature for Transport 
We have assumed for transport in the ducts an 
average temperature equal to 10°C = 283° K. 
2.4 Pressure in the Pipeline 
We have assumed three values for the pressure in 
the pipeline: 90 Kg/cm2; 65 Kg/cm2; 40 Kg/cm2 
65 Kg/cm2 is a value which is normally utiiized for 
methane. For the other gases it will be possible to 
have information on the best values for the pressure. 
2.6 Material· 
We consider to use API 5LX­X60 steel or an 
equivalent (yield point 42 Kg/mm2). 
Calculations of the wall thickness of the pipes 
were carried out according to DIN 2413 norms. 
During this preliminary phase no special atten­
tion was paid to any particular safety measures re­
lating, for instance, to the materials of the duct 
itself, which might be required for hydrogen trans­
port. 
2.6 Terminal Station 
We assumed two cases: 
— production pressure equal to transport pressure. 
In this case we do not have to calculate the cost 
of constructing and operating a special terminal 
station for comoresslng the gases. 
— a production pressure equal to 10 Kg/cm2 (for 
hydrogen and oxygen only). 
In this case, a terminal station is necessary 
between production plantand the duct 
2.7 Gas Flow 
In order to have a term for comparison purpo­
ses, for methane and hydrogen, the flow has been 
expressed in heat quantity, the calculations have 
been made on the basis of an equal number of KCal 
transported In a unit of time, combustion efficiency 
being assumed equal. In the case of oxygen, only 
volume units have been considered. 
3. TECHNICAL ECONOMIC EVALUATION 
3.1 Calculation of Pipe Diameter 
For a determination of the pressure drop the 
general formula of gases has been taken into consi­
deration, together with the expression of the fric­
tion coefficient as proposed by Weymouth. 
We have referred to this formula of Weymouth, 
both because of its simplicity and because of the 
lack of semiempirical formulae for hydrogen and 
oxygen gas as accurate and as experimentally tested 
as those at present available for natural gas. 
This equation becomes: 
0 = 13θ7(Ρ*'­Ρ'2>°­T.«XTZm (D 
where: 
Q gas f low, Nm3 /sec (0°C 760 mm Hg) 
Pi PJ pressures at the beginning and at the end of 
the section of gas­duct under consideration, 
Kg/cm2 
diameter of the pipe, m, 
specific gravity of the gas, Kg/Nm3 (0°C e 
760 mm Hg) 
length of the section of gas­duct under consi­
deration, Km 
friction coefficient according to Weymouth = 
0,00941 D_1 Λ (D ¡n m) 
average transport temperature, °K 





Substituting the value of λ using the compres­
sion ratio ρ = (Pi /P3 ) and setting yQ Τ Zm = a (con­
stant depending only of gas and temperature) we 
find: 
D= [5.56· ΐ σ ' Q
2 a fi 3/16 
Ρ2, (1 
] (2) 
D diameter of pipeline as function of the flow 
Q, of the length of the pipeline's section, of pressure 
Pi of transport and of compression ratio p. 
3.2 The Cost of the Pipe 
The cost per unit of length of the pipe has been 
calculated as a function of the diameter D, taking 
into consideration the thicknesses and the materials 
mentioned in § 2.5, the cost of the steel, the costs 
of the protective coatings, the assembly, the trans­
port, and also the various indirect costs which must 
be added. 
In these estimates we have considered average 
european costs (for year 1970) and have left out 
eventual special safety devices arising out of the 
transport of hydrogen. Part of the cost (essentially 
the price of steel) is taken as proportional to the 
thickness (i.e. proportional to the pressure) through 
the following formula: 
CT u = (0.985· 103 P, +127 · 103 )D' ·6 
7 ­
where: 
C j u is the cost of the pipe (Lit/m), Ρχ the transport 
pressure (Kg/cm2) and D the diameter of the pipe 
im). For the particular case of Pi »65 Kg/cm2 we 
obtain a formula for methane which is in good 
agreement with experience. 
C T u = 191 · 103 · D1 '6 
By substituting the value of D from formula (2) and 
setting fi = (L/t), where L is the total length of the 
pipe (in Km) and t the number of sections, we have: 
CT = (1.308· 104 P, +1 .688 · 106) 
. a Q2 L ° · 3 
Γ.) tP2, o ­ A ) 
P 
(3) 
3.3 The Cost of Compression Stations 
The power absorbed by each station is given by 
T . Û H 
N = . V 
where 
T? is the compression efficiency (assumed equal to 
.8) 
Η is the adiabatic work given by 
If we express Ν in HP, substitute the value of R and 
let (70 Z m T)/(m φ) ■ b (constant depending only 
on gas and temperature) we obtain: 
Ν = 14.13 b Q ( p ^ ­ 1 ) (4) 
Allowing for an increase of 25% for obtaining the 
installed power, we obtain for the cost of one 
compression station 
< 
CS = 1,25· N 'Pçy 
where P w is the price of the installed HP 
(5) 
3.4 Economical Evaluation 
The price of transport was calculated under the 
following assumptions: 
Devaluation allowance (15 years at 8%) 
for pipeline ,12 CT/year 
for stations . 12 CS/year 
Maintenance costs 
for pipeline .005 CT/year 
for stations .035 CS/year 
Energy costs per year for one station 
CE = .736 · Ν 
where 
P|cvv is the price of Kwh 
kw (6) 
n n is the number of operating hours per year. 
Personnel costs 
C per year for one station 
As the flow Q is given in m3/sec the price of trans­
port of one cubic meter is given by 
C=­ 1 
Q · Sec. 
[.125 CT+ .155 CS· ( t ­ 1 ) + C E 
• ( t ­ D + Cp^Mt ­DJ + a 
where 
Sec= 3600 · n p is the operating time per year 
expressed in seconds 
Ci takes in account the cost of eventual initial 
compression 
Substituting the values of CT, CS, CE from 
formulae (3), (5), (6) and grouping into coefficients 
all quantities not dependent on p, we find 
C = a(1-p-2r°-3+/3p^ + 7 
where 
α = ( . 1 6 3 · 104 · P} + .2115 · 106) 
, ' j Q2 Up.» L 
P2i t Q· sec 
0=(iS^Pcv + 2 ­ 8 8 ' 1 ö " 3 p k w > b < t ­ 1 > 
C ^ J t ­ 1 ) pers 
Q · Sec + C¡ 
It is now possible to calculate the value of the 
compression ratio p which minimizes the price C. 
For this value of p, the first derivative (dc)/(dp) 
will vanish 
— =-Ο.6α(1 -ρ - 2 Γ 1 · 3 ρ- 3 +0 φ p^> =0 dp 





we obtain an equation in ρ easily solved by the 
Newton method 
p"(p2-1) = B (7) 
It should be noted that, in the case of t = 1, 
which means a duct without intermediate compres­
sion station, β vanishes and equation (7) no longer 
makes sense. In this case we have assumed for the 
compression ratio a value of ρ = 1.5 (average value 
encountered in the majority of cases). 
- 8 -
3.6 Initial Compression 




Pi is the pressure In the duct 
Pp is the production pressure 
The energy of compression was calculated with 
the formula (4) used in § 3.3. With some simplified 
assumptions the cost of initial compression was eva­
luated In the various cases. Exemples of the ob­
tained results are given in the diagrams of Fig. 4. 
3.6 Numerical Calculations 
A computer program has been written In For­
tran IV language. 
The input consists of: 
- gas data: specific gravity, molecular weight, φ, 
heat of combustion, compressibility coefficient. 
- transport parameters: temperature, production 
pressure, maximum transport pressure, Pj, cost 
of installed horse-power, P^, cost of kwh, P|cw, 
cost of personnel C p ^ , number of hours of 
exercise per year, nh. 
— quantity of gas with an option for the units 
(volume or energy) 
— total length of the duct and minimum and 
maximum number of sections. 
The following prices valid for year 1970 ' were 
assumed 
Price of Kilowat-hour Pk w = 10 Lit (Italian lire) 2) 
Price of Installed horse-power P^ = 180 000 Lit 
Coat of personnel per station and year C__r. · 100 · 
10' Lit. 
The flow for methane and hydrogen was made 
to vary between 500 and 4000 MCal/sec; which 
correspond to flow between 200 000 and 
1 6 0 0 000 Nm 3 / h for methane and between 
700 000 and 5 600 000 Nm3/h for hydrogen. 
For oxygen, flow varying between 500 m3/tec 
(1 8 0 0 0 0 0 N i n ' / h ) and 1 5 0 0 m3 /sec 
(5,400,000 Nm3/h) were considered. 
The total length of the pipe varies between 500 
and 2000 Km. Three transport pressures, as pre­
viously mentioned, were used: 40, 65 and 
90 Kg/cm2. 
For each pair of Q and L and for different 
values of t, the value of compression ratio p, which 
minimizes the cost, was calculated. Other quantities 
which may be Interesting were also calculated; an 
example of output is given in Table 11 for methane at 
65 Kg/cm2. 
1) All the utilized prices are 1970 prices: this does not 
influence the main objective of the work, which Is e 
comparative ratio of costs. 
2) The Influence of the price of the KWh has been 
verified: an Increate or e reduction of this price by e 
fector 2 will Influence the total transport cost by lees 
than 6%. 
4. RE8ULTS 
4.1 General Considerations 
A synthesis of results is given in Figs. 1, 2, 3 
which for a different flows (.5, 1,2,3, 4 GCal/sec), 
different distances (500, 1000, 1500, 200 Km) and 
different transport pressures (40, 65, 90 Kg/cm2) 
give the optimized cost of transportation. 
Table I a) gives the detailed results for pressure 
of 90 Kg/cm2 (which gives the minimum cost); only 
the line corresponding to the number of sections t 
which minimizes the cost has been printed. 
In Table I b) the results are reported for 
65 Kg/cm1, which is the pressure currently utilized 
for natural gas. 
The influence of eventual initial compression is 
illustrated in Figure 4. It is clear that this initial 
compression becomes, specially over short distances, 
an important factor in the total cost. This may 
influence the choice of pressure in the pipe; in a 
practical calculation, the utilization pressure needed, 
at: the end of the pipeline should also be considered.1 
Influence of pressure P-j is illustrated in Table-
Ill; for the three gases (without taking account of 
initial compression) the optimized price is decreas­
ing with pressure in the duct. 
We must underline that all the evaluations are 
based on simplified assumptions. 
4.2 Comparisons of Costs for Methane and Hy­
drogen 
The widely diverse physical characteristics of 
the two gases, methane and hydrogen, give rise to 
different consequences. 
First of all, the lower heating value in the case 
of hydrogen gives the result that, according to the 
thermal energy transported, much higher volumes of 
gas are needed. 
But other factors, such as the much lower spe­
cific gravity, are involved, and as a consequence, we 
have a nearly compensating (increase of ' the flow est-
pacity. One less favourable aspect, is the pumping 
energy for transmission^ in> view, of ι the greater 
volumes to be handtedj 
- 9 
Indicative data for comparison of transport 
costs are given in Table IV referring to a pressure P^  
in the pipe of 90 Kg/cm2. 
We may consider for hydrogen calorie an in­
crease of costs of transport varying from 30% to 
50% when compared to natural gas. The ratio of 
costs increases with distance and diminishes (slowly) 
with flow. 
It appears also from Table IV that the optimum 
distance between intermediate compression stations 
is higher for hydrogen than for methane. 
Similar results were also obtained for other 
working pressures. Nevertheless it should be empha­
sized that the total costs vary very slowly with the 
number of sections. For instance one can see from 
Table II that for methane (2GCal/sec and 
2000 Km) varying t from 9 to 15 (minimum) 
(distance from 220 Km to 133 Km) changes the 
price by only .6%. 
The ratio of investment costs in costructing a 
gas pipeline is also about 45% to 60% higher for 
hydrogen, due to the larger diameter of the pipe 
used. 
4.3 Oxygen 
It might be interesting to see if it is worthwile to 
transport oxygen from the production plant to a 
utilization plant. One of the uses could be to substi­
tute air for the combustion of hydrogen, thus in­
creasing the efficiency because the gross heat of 
combustion (3100 KCal/m3) can be considered. 
So starting with a production price of hydrogen 
of 12 mills/m3 and assuming an increased efficiency 
for combustion in pure oxygen of 20%, a first esti­
mation shows that for transporting 4.106 Nm3/hr 
of hydrogen the breakeven distance is about 
1000 Km. This distance will of course be longer if 
hydrogen prices increase. 
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Flow in m3/sec 
Flow In GCal/sec 
Total length in Km 
Number o f section 
Compression ratio 
Diameter of tube in m 
Absorbed power for transport (thousand of HP) 
Absorbed power for Initial compression (thousand of HP) 




in 109 Lit 
Partial costs in % 
of total costs for 
- depreciation of tubes 
- transport compression: degradation of stations + 
energy (column 15 is included) 
- initial compression 
- energy for intermediate compression stations 
- energy for initial compression 
Total costs 'in 1(Γ
3 Lit/m3 mLIT 
in 1CT6 Lit/KCal pLIT 
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